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Abstract： 
The average photoelectric conversion efficiency (PCE) of a bare mono crystalline silicon solar 
cell is 14.71(±0.03)% under AM1.5. It decreases to 14.20(±0.005)% when covering an un-doped 
flat glass on the solar cell, and it goes down to 14.10(±0.005)% by using a 5 wt% Eu3+ doped glass. 
The absorptions of the Eu3+ doped CPM glass one-to-one match the excitation spectrum at 362, 381, 
393, 400, 413 and 464 nm, which are related to the transitions of 7F0→(
5D4, 
5G2, 
5L6, 
5D3), 
7F1→
5D3, 
and 7F0→
5D2, respectively. In addition, a concave pyramid microstructure (CPM) is embedded in 
the glass surface to increase light transmittance. Th  average PCE increases to 14.61(±0.07)% when 
a 5 wt% Eu3+ doped CPM glass covers on the silicon solar cell. Comparing to the un-doped flat 
glass, a net increase of the PCE is 0.41%, where th 0.16% increment of PCE is from the lighting 
trapping of the CPM structure, and the downshifting of near ultraviolet (NUV) light by Eu3+ ion 
donates the other 0.25% increment. It confirms thate as-prepared Eu3+ doped CPM glass has a 
good downshifting and antireflection function. 
Keywords:  
solar cell, concave pyramid microstructure, Eu3+ doped glass, photoelectric conversion efficiency, 
rare earths 
1. Introduction 
Solar energy is considered worldwide as one of the most promising renewable energy because 
of its cleanness, safety and inexhaustibility 1. The PV Market Alliance has concluded that at least 98 
GWs of grid-connected solar PV were installed in 2018 2. It believes that the solar PV market will 
keep growing owing to a more diversified market. The crystalline silicon solar cells dominate the 
current PV market by around 90% market share 3. The photoelectric conversion efficiency (PCE) 
new record of a silicon solar cell has reached 26.6% by using a structure of 
Hetero-junction-interdigitated back contact (HJ-IBC) 4. Looking forward, The third generation solar 
cells have the potential to break through the PCE further, including up/down conversion solar cell 5, 
6
，intermediate band solar cell 7, 8, laminated solar cell 9, and so on 10. 
Proposed by M.A. Green et al. 11, the use of up /down conversion phosphors to increase the 
PCE of Si solar cells has been widely investigated. Chung et al. 12 reported the Si solar cells coated 
with Y2O3: Eu
3+ and Y2O2S: Eu
3+ phosphors, the PCE under short wavelength ultraviolet photons is 
2–14 times higher than the uncoated cells. Huang et al. 13 demonstrated that nano-phosphors with 
the composition of Y0.7Bi0.15Eu0.15VO4 gave the best down-conversion efficiency of approximately 
15%. Chen et al. 14 reported that the PCE of solar cells increased from 17.06% to 17.25% by spin 
coating of Ba2SiO4:Eu
2+ nano-fluorine on mono-crystalline silicon solar cells. Verma and Sharma 15
reported a down-conversion from Er3+-Yb3+ co-doped CaMoO4 phosphor, where the maximum 
value of the energy transfer efficiency (ETE) and the corresponding theoretical internal quantum 
efficiency (IQE) were 74% and 174%, respectively. On the other hand, photovoltaic glass generally 
acted as a down conversion carrier 16-23. Pandey et al.16 developed an Er3+–Yb3+ embedded tungsten 
tellurite glass, which detects strong green and NIRemissions under the excitation of blue light. Fan 
et al. 17 reported a near-infrared down conversion chloro-sulfide glass GeS2-Ga2S3-CsCl:Er,Yb, 
which generates an emission at around 1000 nm, and the highest quantum yields of emission below 
1200 and 1650 nm are equal to 51% and 76%, respectively. Huang et al. 18 developed an Er3+/Yb3+ 
co-doped fluoro tellurite glasses, it is determined that the optimum Er3+ and Yb3+ ion ratio is 1:1.5 
and excess Yb3+ ions decrease energy transfer efficiency under the two pumpings. Tikhomirov et al. 
19 developed the Er3+-Yb3+ co-doped nano-structured glass-ceramics with a quantum efficiency 
approaching the maximum of 200%. Zhou et al. 20 reported a broadband excited quantum cutting in 
Eu2+–Yb3+ co-doped alumino-silicate glass with ETE of 27%. Chen et al. 23 reported a red-emitting 
KCaGd(PO4)2:Eu
3+ phosphor coating on the surface of silicon solar cells by using the 
screen-printing technique, and an enhancement of 0.64%+0.01% (from 16.03% to 16.67%) in PCE 
of a Si-based PV cell was achieved. However, there are rare reports about the PCE increment by 
direct doping rare earth ion into the photovoltaic glass. 
In this work, an Eu3+ doped silicate glass is prepared. The comparisons of photovoltaic 
performances of the mono silicon solar cell among the bare and that covered by different glass 
samples are discussed. A concave pyramid microstructure (CPM) embedded in the glass is designed 
to increase the light transmission. The results show that the PCE of the silicon solar cell has an 
obvious increase when the as-prepared Eu3+ doped CPM glass covers on it. 
2. Experimental  
2.1 Synthesis of silicate glasses 
Silicate glasses doped with xEu3+ (x=1%, 2%, 5% in weight) was prepared by solid state 
reaction at a high temperature in air. The agents of Na2CO3(AR), CaCO3(AR), SiO2(AR), 
Eu2O3(AR), and CaF2(AR) were mixed in a mole ratio of Na2CO3 : CaCO3 : SiO2 : CaF2 : Eu2O3 = 1 : 
1 : 6 : 1 : y (y=0.0144, 0.0288, 0.072 in mole), which was the compnents of the commercial 
photovoltaic glass. The mixtures were ground evenly i  an agate mortar and transferred to a 
corundum crucible. The heating processes were as follows: preheating the mixtures in a muffle 
furnace at 600 oC for 1 h, and then increasing the temperature to 1300 oC and holding for 5 h to 
complete melting. Subsequently, the molten glass was cast into a specific designed mold, annealed 
at 300 oC for 3 h, and cooled to room temperature for further analysis. 
2.2 Characterizations 
The photo-luminescence excitation (PLE) and emission (PL) spectra of the as-prepared Eu3+ 
doped silicate glasses were measured by Hitachi F-7000 spectrofluorometer equipped with a 150 W 
Xenon lamp as an excitation source. The transmittance spectrum was measured by a Cary 5000 
UV-VIS-NIR spectrophotometer. The current density-voltage (I-V) measurements were performed 
in a solar cell I-V testing system from Abet Technologies, Inc. (using class AAA solar simulator), 
which was under an illumination power of 100 mW/cm2 with a scan rate of 80 mV/s. The external 
quantum efficiency (EQE) measurement was carried out on the PV measurement QXE7 spectral 
response system with monochromatic light from a Xenon arc lamp. 
Here, the performances of I-V and EQE were measured based on mono-crystalline sicon solar 
cells with sized of 4 cm×4 cm. The as-prepared glass candidates, the EVA thin film, and the 
mono-crystalline silicon cells were laminated together by conventional process, where the thickness 
of EVA thin film was 0.6 mm, the laminating temperature was 135 mp℃, and vacuum was 
necessary to take out all the air. The packaging time was around 20 min, and the encapsulated 
samples had to keep under vacuum condition until the temperature went down to 80 ℃.
3. Results and discussion 
3.1 Luminescent performances of the Eu3+ doped glass 
The PL excitation (λem = 612 nm) and PL emission (λex= 362, 381, 393, 413 and 464 nm) 
spectra of the Eu3+ doped glass is shown in Fig. 1. The corresponding energy transitions are plotted 
in Fig.2. The excitations of the Eu3+ doped glass are 362, 381, 393, 400, 413 and 464 nm, which are 
related to the transitions of 7F0→(
5D4, 
5G2, 
5L6, 
5D3), 
7F1→
5D3, and 
7F0→
5D2, respectively. It 
indicates that the as prepared 5 wt% Eu3+ doped glass can absorb the near ultraviolet (n-UV) light in 
a wide range of wavelength. On the other hand, the emission wavelengths are 579 nm (5D0→
7F0), 
591 nm (5D0→
7F1), and 612 nm (
5D0→
7F2). As known that, the spectral photon density at 600 nm is 
highest in AM1.5 solar spectrum for JIS standard (temperature: 25 ℃, incident power: 1 kW/m2) 22, 
thus silicon solar cells with anti-reflection coatings are designed to have a maximum absorption at 
around 600 nm. The emissions of the as prepared 5 wt% Eu3+ doped glass can well fit the maximum 
absorption of silicon solar cell, so that it is a potential candidate for encapsulation with 
down-shifting function. 
As has been demonstrated that 24-26, in case the Eu3+ ions are located in non-inversion center 
lattices, the transition that is forbidden is unchained and mainly depicts the transition of electronic 
dipole and the electric dipolar 5D0→
7F2 transition is hypersensitive to the coordination environment 
of the Eu3+ ions. It can be seen from the emission spectrum (in Fig.1) that the hypersensitive 
5D0→
7F2 red emission at 612 nm is the most prominent. Since glass is always a non-crystal solid 
phase, thus the Eu3+ ions have to locate in more non-inversion center lattices, and the 
parity-forbidden is unchained. Therefore, the 5D0→
7F2 emission is the most prominent in the glass 
phase. Moreover, it is confirmed that the 5D0→
7F2 emission always has a high quenching 
concentration, which agrees well with our results in Fig.3.  
Commercially, it is impossible to dope too much Eu3+ ions in industrial applications due to the 
cost, so experiments with higher Eu3+ content won’t be carried out and 5 wt% Eu3+ is taken as a 
feasible doping level in this work. 
In order to clarify the down-shifting efficiency ofthe Eu3+ doped glass, the glass is crashed, and 
the photoluminescence quantum yield (PLQY) of the small glass pieces are measured and shown in 
Fig. 4. 
As is shown in Fig.4, the PLQY of the small pieces of the 5 wt% Eu3+ doped glass is 13.7%. We 
believed that the PLQY of a complete glass should be higher than the glass pieces because of the 
possible light scattering. 
3.2 Energy balance between the down shifting and scattering 
When covering the Eu3+ doped glass on the Si solar cell, an unexpected PCE decrease can be 
observed in Table 1. As listed in Table 1, the PCE of silicon solar cell covered by an un-doped 
photovoltaic glass is 14.207%±0.005%. However, the PCE is decreased to 14.097%±0.005% with a 
5 wt% Eu3+ doped glass covering on it.  
To make it clear, a sketch of the light scattering after down shifting of NUV light by Eu3+ doped 
glass is plotted in Fig.5. 
As shown in Fig. 5, when the as prepared Eu3+ doped glass absorb n-UV light, the emission 
light scatters out, only a part of them can reach the silicon solar cell. Furthermore, the as prepared 5 
wt% Eu3+ doped glass can absorb blue light at certain wavelengths, including 400, 413 and 464 nm. 
Here, the energy loss due to the light scattering is larger than the energy increase by downshifting 
and irradiating on Si solar cell, therefore, an unexpected PCE decrease must occur by covering the 
Eu3+ doped glass on the Si solar cell. 
To clarify the light scattering effect, an apparatus for full reflection cavity measurement is 
designed in Fig. 6. In the apparatus, a total reflection cavity with the external dimension of 5 cm×5 
cm×5 cm is made of six mirror glasses. The mono-crystalline silicon cell is covered by the glass 
candidate and located on the ground with the size of 4 cm × 4 cm. A NUV lamp (395 nm, 5 W) is 
installed on the ceiling. An IV tester connected from outside is for PCE measurement, and Table 2 
lists the testing results. 
As listed in Table 2, when covered by un-doped glass, the PCE of the mono-crystalline silicon 
cell is 12.177%±0.005%, and it increases to 12.73%±0.01% when covered by the as-prepared Eu3+ 
doped glass. The PCE increase of 0.55% indicates that the Eu3+ doped glass can effectively shift the 
NUV light to a longer wavelength. 
The concave pyramid microstructure (CPM) structure is usually used for silicon solar cells. As 
reported by Campbell and Green 27, the CPM structure has a promising effect on light trapping. 
Therefore, in order to minimize the light scattering effects, a CPM type glass is introduced to 
increase light transmittance in this work. Here, a Eu3+ doped glass embedded with a concave 
pyramid microstructure (CPM) is developed for the fully use of solar energy according to Martin's 
trapping design 27. A specific mold for the CPM glass is designed (inFig. 7(a)), and the 
as-fabricated CPM glass sample is shown in Fig. 7(b).  
When illuminating from the downside of Eu3+ doped CPM glass with a 395 nm NUV LED, the 
CPM glass appears reddish purple (in Fig.7 (c)). However, Fig.7 (d) shows that the corresponding 
CIE coordinate is (0.541, 0.374), locating in the orange area. The reason is that a part of NUV light 
penetrates through the CPM glass, and combines with the emission light from Eu3+, thus the CPM 
glass turns reddish purple. The IV properties of un-doped CPM glass and Eu3+ doped CPM glass are 
in Table 3. 
As shown in Table 3, when covering the Eu3+ doped CPM glass on the mono crystalline silicon, 
the PCE of solar cell is 12.73%±0.02% under 395nm NUV of 5 W with fully reflection, which is 
0.56% higher than the un-doped CPM glass. Therefore, the Eu3+ doped CPM glass can shift the 
NUV light to a longer wavelength with a peak at 612 nm. Since 600 nm is the photon density peak 
in the standard solar spectrum, and thus Si solar cell with antireflection has the highest absorption 
around 600 nm, so that the as-prepared Eu3+ doped glass acts as a promise downshifting for silicon 
solar cell. 
The downshifting can also be verified by the light transmittance and the external quantum 
efficiency (EQE) characterizations. Fig. 8 shows the light transmittance of the as-prepared Eu3+ 
doped CPM glass. The absorptions of the Eu3+ doped CPM glass one-to-one match the excitation 
spectrum in Fig.1. These absorptions on the NUV light s then shifted to the longer wavelength, and 
thereof results to an increase of 0.56% in the PCE (in Table 3). 
The EQE of mono-crystalline silicon solar cell covered by the as-prepared Eu3+ doped CPM 
glass is plotted in Fig. 9. It is clear that the EQE has an obvious increase in the 360–420 nm 
wavelength regions because of NUV downshifting. On the other hand, The EQE at the regions of 
450–700 nm and 900–1100nm (in Fig. 8) has a slight improvement, which results from the light 
trapping effect of the CPM surface. 
3.3 The current density-voltage properties at AM1.5 and the error limits 
For further evaluation, The IV properties of different samples are measured under the standard 
AM1.5 solar simulator, including the bare mono silicon solar cell, and it separately covered by 
un-doped flat glass, 5 wt% Eu3+ doped flat glass, un-doped CPM glass and 5 wt% Eu3+ doped CPM 
glass. The I-V curves are shown in Fig. 10, the averag  PCE and the corresponding error limits are 
shown in Fig. 11. 
As shown in Fig. 11, under the standard AM1.5, the av rage PCE of the bare mono-crystalline 
silicon solar cell is 14.71%. The average PCE decreases to 14.20% when an un-doped photovoltaic 
glass covers on the solar cell, which normally happens on PV module. The as-prepared un-doped 
CPM glass will increase the average PCE from 14.20% to 14.36% because of light trapping. The 
average PCE achieves at 14.61% by covering the as-prepared 5 wt% Eu3+ doped CPM on the 
mono-crystalline silicon solar cell. Therefore, the increment of PCE is 0.41% as a total, where the 
0.16% increment is from the lighting trapping of CPM structure, and the Eu3+ downshifting donate 
the rest 0.25%. In addition, as can be seen in Fig. 10, the increase is from the short-circuit current, 
and the open circuit voltage almost keeps unchanged. This gives us direct evidences that the PCE 
increase is from the improvement of the visible light strength. Therefore, it confirms that the 
as-prepared Eu3+ doped CPM glass has a good downshifting and antireflection function. 
As a comparison, the PCE of present solar cell and references reported previously have been 
listed in Table 4. 
As is shown in Table 4, the as-prepared Eu3+ doped CPM glass has a similar downshifting and 
antireflection function, comparing to the references. It is worth mentioning that, the as fabrication 
process is simple and can be easily integrated into the existing production line. 
4. Conclusions 
In summary, a 5 wt% Eu3+ doped CPM glass was fabricated for the downshifting of NUV light 
to improve the PCE of silicon solar cell. The excitations are 362, 381, 393, 400, 413 and 464 nm, 
which relates to the transitions of 7F0→(
5D4, 
5G2, 
5L6, 
5D3), 
7F1→
5D3, and 
7F0→
5D2, respectively. 
The emissions are 579 nm (5D0→
7F0), 591 nm (
5D0→
7F1), and 612 nm (
5D0→
7F2), respectively. 
They are closed to 600nm, which is the photon density peak in the standard solar spectrum, and thus 
Si solar cell with antireflection has the highest absorption at around 600nm, so that the as-prepared 
Eu3+ doped glass acts as a promise downshifting for silicon solar cell. When the 5 wt% Eu3+ doped 
CPM glass was covered on a mono crystalline silicon s lar cell, the PCE of solar cell is 
12.73%±0.02% under 395nm NUV of 5 W with fully reflection, which is 0.56% higher than the 
un-doped CPM glass. As well as, the PCE under the standard AM1.5 condition has an increment of 
0.41%, where 0.16% was from the lighting trapping of the CPM structure, and the other 0.25% is 
owing to the downshifting of NUV light by Eu3+ ion. Therefore, it confirms that the as-prepared 
Eu3+ doped CPM glass has a good downshifting and antireflection function. 
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Typical research results and representative figures: 
 
A Eu3+ doped CPM glass was fabricated. The average PCE increases from 14.21(±0.005)% to 
14.61(±0.07)% when a 5 wt% Eu3+ doped CPM glass covers on the silicon solar cell.  
 
 
  
Figures and Tables 
 
 
Fig. 1 The PL excitation (λem = 612 nm) and PL emission (λex= 362, 381, 393, 415 and 464 nm) 
spectra of the 5 wt% Eu3+ doped glass. 
 
 
Fig.2 Corresponding energy transitions related to the PLE and PL spectra 
 
 
 
 
Fig.3 PL spectra of Eu3+ doped glass as a function of Eu3+ doping concentration 
 
 
Fig.4 PLQY of the small pieces of the 5 wt% Eu3+ doped glass measured by FLS980 spectrometer 
 
 
 
Fig. 5 Sketch of the light scattering after down shifting of NUV light by Eu3+ doped glass 
 
 
 
Fig. 6 Apparatus for full reflective cavity measurem nt 
 
 
Fig. 7 A special designed 5 wt% Eu3+ doped CPM glass: the design specific mold (a), the as- 
fabricated sample (b), the real color observed (c) and the calculated CIE coordinate (0.541, 0.374) 
under the excitation of 395 nm NUV light (d) 
 
 
Fig. 8 The transmittance of Eu3+ doped CPM glass 
 
 
 
Fig. 9 External quantum efficiency (EQE) comparison between as-prepared un-doped glass and the 
5 wt% Eu3+doped CPM glass. 
 
 
Fig. 10 The I-V curves of as-prepared samples under the standard AM1.5 solar simulator 
    
 
 
Fig. 11 The average PCE and the corresponding error limits 
 
  
 
Table 1 
The PCE of silicon solar cell covered by different glass candidates under AM1.5 
Light 
source 
Glass type 
ISC  
(mA/cm2) 
VOC 
 (mV) 
FF  
(%) 
η  
(%) 
̅±∆(̅) 
(%) 
△η  
(%) 
AM1.5 
1 kW/m2 
Undoped 
35.71 612 65.75 14.21 
14.207 
±0.005 
-0.11 
35.70 612 65.75 14.21 
35.69 612 65.77 14.20 
5 wt% Eu3+ 
Doped 
35.65 609 65.69 14.09 
14.097 
±0.005 
35.66 610 65.66 14.10 
35.66 609 65.68 14.09 
 
 
 
Table 2 
The PCE of silicon solar cell covered by different glass in the total reflection cavity apparatus under 
5W of 395nm n-UV light 
Light source Glass type 
ISC  
(mA/cm2) 
VOC 
(mV) 
FF 
(%) 
η 
(%) 
̅±∆(̅) 
(%) 
△η 
(%) 
395 nm 
5 W(12.5 
kW/m2) 
Undoped 
26.52 523 56.45 12.18 
12.177 
±0.005 
0.55 
26.51 523 56.47 12.18 
26.51 523 56.46 12.17 
Eu3+ doped 
29.71 529 58.67 12.73 
12.73 
±0.01 
29.70 529 58.65 12.72 
29.73 529 58.68 12.74 
 
 
 
Table 3  
The PCE of silicon solar cell covered by CPM glass te ted in the as-fabricated total reflection cavity 
apparatus under a 5 W of 395 nm n-UV light 
Light 
source 
Glass type 
ISC 
(mA/cm2) 
VOC 
(mV) 
FF  
(%) 
η  
(%) 
̅±∆(̅) 
(%) 
△η 
(%) 
395 nm 
5 W(12.5 
kW/m2) 
Undoped 
CPM 
26.51 524 56.46 12.17 
12.17 
±0.01 
0.56 
26.49 524 56.41 12.16 
26.52 523 56.48 12.18 
Eu3+ doped 
CPM 
29.69 531 58.64 12.75 
12.73 
±0.02 
29.63 529 58.61 12.71 
29.65 530 58.62 12.74 
 
Table 4 
The PCE of solar cell covered by different down-conversion layer 
Solar cell covered by different layer 
ISC 
(mA/cm2) 
VOC 
(V) 
FF 
(%) 
η 
(%) 
∆η 
(%) 
Ref. 
Blank glass 27.19 0.610 64.51 10.63 0 
28 With pure SiO2 coating 27.77 0.610 64.76 10.91 0.28 
With 0.01g SrAl2O4:Eu
2+, Dy3+/ SiO2 
coating 
28.25 0.610 64.96 11.12 0.49 
Blank glass 29.60 0.595 77.55 13.66 0 
29 With CaF2/SiO2 coating 30.13 0.596 77.65 13.94 0.28 
With 0.1g CaF2:Ce-Tb/SiO2 coating 30.48 0.604 77.99 14.35 0.69 
Bare solar cell 41.18 0.600 68.00 17.06 0 
30 Covered by Ba2SiO4:Eu
2+ phosphor 41.51 0.600 68.00 17.25 0.19 
Covered by Ba2SiO4:Eu
2+ phosphor 
with Ag NPs and a 20nm SiO2 spacer 
42.04 0.600 68.00 17.70 0.64 
Monolithic c-Si solar cells with SiNx  32.091 0.546 0.804 17.13 0 
31 With SiNx:Tb
3+  32.098 0.552 0.803 17.31 0.18 
With SiNx:Tb
3+-Yb3+ 32.165 0.552 0.806 17.36 0.23 
Blank glass 35.71 0.612 65.75 14.20 0 
Present 
work 
5 wt% Eu3+ doped glass 35.66 0.610 65.66 14.10 -0.10 
CPM un-doped glass 36.37 0.613 66.09 14.36 0.16 
5 wt% Eu3+ doped CPM glass 37.11 0.615 66.32 14.61 0.41 
 
 
 
 
 
